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REMARKS 

Claims 1, 4, 5 and 12 have been amended to recite that the 
lithium transition metal complex oxide containing Ni and Mn as 
transition metals, having a layered structure, and containing 
fluorine, of the battery and method of the present invention ia 
obtained by heat treating a mixture of a fluorine compound and raw 
materials used to formulate the lithium transition metal complex 
oxide. This amendment is supported in the specification by the 
description at page 22, line 25, to page 23, line 4. 

Referring to the Final Action, claims 1, 4-9, 12 (sic], 14-21 
and 24-29 are rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Kazuhara (JP 2002-100357) in view of Yamaura (JP 
08-213014). Claim 3 is rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Kazuhara in view of Yamaura and further in view 
of Goto, U.S. Patent No. 6,444,351. 

Kazuhara is alleged in the rejection to disclose a nonaqueous 
electrolyte secondary battery containing each of the limitations of 
the rejected claims including a lithium transition metal complex 
oxide and lithium cobaltate as the positive electrode material, the 
lithium transition metal complex oxide containing Ni and Mn as 
transition metals and having a layered structure except, however, 
that the lithium transition metal complex oxide of Kazuhara does 
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not contain fluorine. Yamaura is cited as teaching the application 
of a fluoridation treatment to a lithium transition metal composite 
oxide composite. 

The conclusion of the Office is that it would have been 
obvious to fluorinate the positive active material of Kazuhara 
according to the teachings of Yamaura. 

In the amendment filed October 27, 2008, to the Office Action 
dated June 26, 2008, in response to the same rejection of the 
claims, applicants explained that the proposed modification of 
Kazuhara according to the teachings of Yamaura, alone or in 
combination with Goto, would not have resulted in the nonaqueous 
electrolyte secondary battery of the present invention. 

The proposed modification of Kazuhara according to the 
teachings of Yamaura would not have resulted in the nonaqueous 
electrolyte secondary battery of the present invention because 
Yamaura discloses a fluorination treatment of a lithium transition 
metal composite oxide particle that is conducted with a fluorine 
compound represented by, for example, RiR^RiNF. As shown in Fig. 
1 and described in paragraph [0030] of Yamaura, the fluorination 
treatment results in OH groups on the surface of the lithium 
transition metal complex oxide particle being replaced with 
fluorine atoms. 

P :\08-09\pdm-05ft-pCo-aubmloBlon-li« ^" ^ 
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In the present invention, on the other hand, as defined in the 
claims, the lithium transition metal complex oxide is obtained by 
heat treating a mixture of a fluorine compound and raw materials 
used to formulate the lithium transition metal complex oxide and, 
as a result of the heat treatment of the mixture , fluorine exists 
inside the lithium transition metal complex oxide - not only at the 
surface . 

In the Final Action, the Office takes the position that the 
fluorinated transition metal oxide structure of the prior art is 
similar to the applicants' because "mixing the raw material of the 
Applicant's MnO . 33NiO . 33CoO . 34 (OH) 2 with fluorine is close to 
mixing the final product LiMnO. 33NiO . 33CoO . 34 (OH) 2 . (Action, 
page 4, line* 11-13). (Emphasis applicants 7 ). The Office cites 
In re Maroax, 710 F.2d 798, 802, 218 USPQ 289, 292 (Fed, Cir. 1983) 
as supporting its position regarding the "obviousness" of the 
lithium transition metal complex oxide. 

In order to rebut the position of the Office regarding any 
apparent identity or similarity of the lithium transition metal 
complex oxide containing fluorine of the battery of the present 
invention to the fluorinated transition metal oxide of Yamaura, 
applicants, as noted above, have amended the claims of the 
application to recite that the lithium transition metal complex 
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oxide containing fluorine is obtained by heat treating a mixture of 
a fluorine compound and raw materials used to formulate the lithium 
transition metal complex oxide. Yamaura, on the other hand, 
discloses only a fluorination treatment of a lithium transition 
metal composite oxide particle that is conducted with a fluorine 
compound represented by, for example, R^R^NF; or by reacting the 
particle directly with F 2 gas, contacting the particle with NF 3 gas, 
using AHF (Anhydrous Hydrogen Fluoride) , or photochemically 
fluorinating the particle using a perf luorocompound. Yamaura does 
not disclose heat treating a mixture of a fluorine compound and raw 
materials of a lithium transition metal complex oxide. 

Additionally,, submitted herewith as evidence showing that the 
fluorine exists inside the complex oxide in the present invention 
is a copy of G>-H. Kim et al., Journal of The Electrochemical 
Society, 152 (9) A1707 - A1713 (2005). In the Kim et al - 
publication, a complex o*ide is prepared by substantially the same 
process as in Example 4 of the present specification (see page 
A1707, right column, lines 2-3) and as recited in the claims of 
the present application- The publication discloses that M XRD 
results clearly confirm that fluorine ions are successfully 
substituted for oxygen ions in Li [Nil/3Col/3Mnl/3] 02 structure''. 
(Page A1709, left column, lines 19 - 21) . (Emphasis applicants' ) . 

P:\Oa-O9Vmam-O5B-OtO-0U»>aila3ion-lH.*l^ ^ ^ 
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The Kim et al. publication also describes that in order to study 
the distribution of fluorine "within a particle" , X-ray 
photoelectron spectroscopy (XPS) analysis of Li [Ni 1/3 Co 1/3 Mn 1/3 ] O ii9S F 0 . s 
was carried out (page A1709, right column, lines 1-4 of the 
paragraph beginning in the middle of the page) . The publication 
concludes that "XPS analysis also shows the majority of the 
fluorine ions reside near the surface of the particle. These 
results suggest that fluorine ions are both in bulk and on the 
surface of Li (Ni 1/2 Co 1/3 Mn 1/3 ] O^F/' . (Page A1712, right column, lines 
9 - 12) , Aa used in the publication, the term "the surface" in the 
phrase "on the surface of Li [tti 1/3 Co 1/3 Mn L/3 ] O^F/ means the bulk 
portion near the surface, not the outermost surface, (See the 
sentence bridging pages A1709 and A1710 of the publication which 
describes "XRD and XPS analysis clearly demonstrated that fluorine 
resides in the bulk as well as near the surface of the particle") . 
(Emphasis applicants'). 

In contrast, in Yamaura, OH groups only at the outermost 
surface are replaced with fluorine as shown in Fig. 1 of Yamaura. 
(Yamaura describes (paragraph [0028]) that oxygen in the outermost 
surface layer of the lithium transition metal complex oxide 
particle reacts nucleophilically with a solvent to form a weak bond 
with hydrogen. Therefore, oxygen in the outermost layer of the 

1 4 
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lithium transition metal complex oxide particle bonds with hydrogen 
from the outside to form the OH group. Accordingly, the OH group 
i© not part of the crystal structure of the lithium transition 
metal complex oxide and the fluorine that replaces the OH groups 
exists only at the outermost surface layer of the lithium 
transition metal complex oxide particle) . 

The Kim et al. publication establishes the u unobvious 
difference" between the product of Yamaura and that of the present 
invention as required by Maro&i and demonstrates the unobviousness 
of the claims of the present application over the combination of 
Kazuhara and Yamaura. 

Removal of the 35 U.S.C. § 103(a) rejections of the claims 
based on Kazuhara in view of Yamaura and based on Kazuhara in view 
of Yamaura and further in view of Goto is in order, 

Claims 1, 4-9, 12 [sic], 14-21 and 24-29 are also rejected 
under 35 U.S.C. § 103(a) as being unpatentable over Kazuhara in 
view of Nishida (EP 1246279). Claim 3 is rejected under 35 U.S.C. 
§ 103 (a) as being unpatentable over Kazuhara in view of Nishida and 
further in view of Goto . 

Applicants respectfully submit that the proposed modification 
of Kazuhara according to the teachings of Nishida will not result 
in the battery of the present invention. 
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The insufficiencies of Kazuhara are discussed above. Nishida 
discloses only halogenation of lithium containing cobalt composite 
oxide/ not lithium-nickel-manganese complex oxide. Therefore, if 
the teachings of Nishida are applied to the positive active 
material of Kazuhara, lithium-cobalt complex oxide is halogenated, 
while lithium-nickel -manganese complex oxide is not halogenated. 
According to the present invention, lithium-nickel-manganese 
complex oxide should be fluorinated f because lithium-nickel- 
manganese complex oxide shows a very large battery expansion, as 
shown in Table 5 of the present specification. Please note the 
description on page 10 , line 23, to page 11, line 7 , of the present 
specification . 

Removal of the 35 U-S.C. § 103(a) rejections of the claims 
based on Kazuhara in view of Nishida and based on Kazuhara in view 
of Nishida and further in view of Goto is also in order. 

The foregoing is believed to be a complete and proper response 
to the Final Office Action dated May 14 , 2009, and is believed to 
place this application in condition for allowance. 

In the event that this paper is not considered to be timely 
filed, applicants hereby petition for an appropriate extension of 
time. The fee for any such extension may be charged to Deposit 
Account No. 111833, 
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PAGE 19/27 ' RCVDAT 8/6/2009 7:44:42 PM [Eastern Daylight Time] * SVR:USPTO£FXRF-6/2 ' DNIS:2738300 1 CSID:703 412 9345 ' DURATION (mm-ss):0342 



Aug. 6. 2009 7:46PM Kubovc i k and Kubovcik 

i 



No. 0761 P. 20/27 



PATENT APPLN. NO. 10/522,771 PATENT 
SUBMISSION UNDER 37 C.F.R. § 1,114 



In the event any additional fees are required, pleaee also 
charge Deposit Account No. 111833. 

Respectfully submitted, 
KUBOVCIK & KUBOVCIK 




Reg. NO. 25,401 

Crystal Gateway 3 
Suite 1105 

1215 South Clark Street 
Arlington, VA 22202 
Tel: (703) 412-9494 
Fax: (703) 412-9345 
RJK/ff 
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Improvement of High-Voltage Cycling Behavior of 
Surface-Modified LiCNi^Co^Mn^Oz Cathodes by Fluorine 
Substitution for LMon Batteries 

G.-a Kim/ J.-H. Klra, fl S.-T. Myung, b '* C. 5. Yoon, B and Y.-K. Sun*'*' 1 
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lb tmp<ove ihc electrochemical property or UtNiyjCo^Mn^JO^ at high upper voluac limit of 4.6 V. fluorine was partly 
substituted for oxygen. Variation of lattice parameter* and X-ray photodectron jpectnrfcopy analysli iUfigftii (hit duoriae U both 
substituted In bulk and coated on the surface of Li[Ni (/ jCo in Mn (/ j]02. UtNi^CojoMn^JOj-jFt (z = 0.05 and 0.1) shotted 
stable cycling performance and Improvement of high rale capability compared to bare Lifrfii/jCoj/jMn^Oj. In addition, fluorine 
rtbstilution caialyit* the growth of the primary particle*, whteh in cum rcjultod In high tap de/vlry as well as high volumetric 
capacity compared to UJNJ^C^rtM/i^JO,. Differential scanning cilorfmetry at 4.6 V clearly shows char fluorine jobtfitutfon 
markedly improve* the thermal 4ttbHity «f t-»[W,o^i<>Mn,,)P$..JV 
©1005 The El w bt<heittlc*l Soctciy. [OOh I (XI H9rt.l«J«0] All r^ha eejerved. 
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During Che past decade, the lithium transition- metal Oxides, 
^[N^Co^^MnJOj, have received a great deal of interest as a 
cathode material for Li-ion secondary batteries. 1 '* Among diem. 
LifN^/jCoi/aMn^p; has been studied extensively as n promising 
cathode material /or lithium secondary batteries. In attempts lo In* 
encsse the reversible eapacily of the cathode material, the upper 
culoff voltage limit has been gradually Increased. The, increased up- 
per voltage limit resulted in a moderate increase in the specific dis- 
charge capacity as expected. However, the improved discharge coy 
pzdcy was accompanied by unstable cycling performance when 
cycled up to 4.6 V. 4,1 Moreover even at upper voltage limits of 
4.4-4.5 V, capacity fading was still observed upon cycling. The 
origin of this capacity fading was mainly attributed to gradual de- 
caying of electroacrjve Co as reported by Shaju el al * 

LICoOj, a commercialized cathode materia), Also has shown 
poor electrochenucal properties when the upper voltage limits were 
higher than 4.2 V because of Its phase transition from hexagonal to 
monoclmlc. Moreover, it has been reported that the poor electro- 
chemical properties of LICoOj at high voltage are due to the disso- 
lution of Co ions into electrolyte . To soWe this problem, various 
meial oxides wert coated onto or substituted for LICoOj. 7 " 15 It was 
proposed thai iho mcfa) oxide coating or substitution effectively re- 
duced Ihe Co dissolution, which accordingly led u> the improvement 
rn capacity retention at the high-voltage region.' 1 Among them, 
10% of Al-doped LlAlyCoi-jOj had less electrolyte decomposition 
with good electrochemical performances. Also, the Use of aluminum 
ions as a dopant in r/ansition>met}d layered structure has a beneficial 
effect an suppressing ihe anisotropic structural change, because the 
Al } + Ions together with lithium ions kept the mierlayer distance 
during dclilhiation. 1 * In addition, anion substitution Tor O has been 
also studied In LiCoOj coated with fluorine, which substantially 
suppressed the Co dissolution even et the high upper voltage limit of 

To suppress Co dissolution, and thereby to Improve die electro- 
chemical property ac the fugh'Voltage region, we substituted fluorine 
for oxygen in the Li[Ni,nCO|rjMrijyil0 2 . itl this paper, we report 
the effects of fluorine substitution on the structure, elccrjochemical 
behavior, and thermal stability of Li^/sCoiflMnj/JO^F, (where 
0 < z < 0.5). 

Experimental 

LiO*i»H a O, CoSOWHjO. NiSCV6HiO, and MnS0 4 H a O were 
used as starting materials. [Nii/jODyjMn^XOH)^ compounds were 



♦ EJectrocnenUeg Society A«i?vc M«mkr. 

* E-malJ: ykuuD&lunyang.ac.fcj' 



synthesited by (he eopreclpitatlon method, as reported previously, 
A mixture of the dehydrated fNi^ComMrti^KOH), and 
UOJJJ^ _^dj^ then subse- 

quently annealed at 700*C for 5 h in air atmosphere. An excess of 
lithium was used to compensate for lithium loss during the calcula- 
tion. Chemical compositions of the resulting powders were analyzed 
by atomic absorption spectroscopy (Varto o\ Analyiicjcna) and ion 
chromatography (DX-320. Dionex, USA) for fluorine. 

Powder X-ray diffraction (XRD, RirtC-2000* Rig&ku, Japan) mea- 
surement using Cu Ka radiation was employed to Identify the crys- 
talline phase of the synthesized materials. XRD data were obtained 
29 = 10-SO* with b step size of 0.03 a and a count time of 5 s. from 
Ihe XRD data, lattice parameters of UtNii/jCowMn^jC^F, were 
calculated by the least-squares method. The morphology of as- 
prepared powders was observed using a scanning electron micro- 
scope (SEM, JSM 640O, )60L, Japan). 

Pellet density (PD) of the oxides was obtained by making 6 mm 
diam pellets with approximately 500 mg powder under a pressure of 
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PJgui* 2. Variation of lattice parameters a ?rwJ c as a frncu'oa of F ctnleol 
trt UfNt, 0 Co w Mn ID ]O w Fj. 



48,000 psl. The thickness and diameter Of Ihe pdlct after pressing 
was measured end the density was then calculated. The error is 
estimated (o be *0.08 g/cm 3 . 

The caUiodc was prepared by blending 
LiCNiinCOi/aMni^ jo 2 ^f f , Super $ carbon black, and polyvi- 
nylidcne fluoride (SO: 10:10 in weight ratio) in ^methyl-2- 
pyrrolidone. The Blurry was then cast on an aluminum foil and dried 
ai 1 10°C overnight in vacuum slate. Disk* were then punched out of 
lie foil. Lithium foil was used as an anode. The long cycle-life tests 
were performed by employing mesocarbon microti tad analysis 
(MCMBJ as on anode, Cell tests store done using a 2032 coin-type 
cell. The electrolyte solution Was 1 M LiPFg in a mixture of ethyl- 
ene carbonate (EC) and diethyl carbonate (DEC) in a 1:1 volume 



ratio. Then the coin-type cell was assembled In an argon-filled dry 
box and tested at a current dimity of 28 mA g~ f (0.2 C) at 30*C. 

For differential scanning calorimetry (DSC) experiment, the 
cells ware fatty charged to 4.6 V and opened in tiic A Milled dry 
box. After the remaining electrolyte was carefully removed from the 
surface of the electrode, die caihode materials were recovered from 
the current collector. A stainless steel sealed pan with a gold-plated 
copper seal (which can withstand 150 aim of pressure before rup- 
turing and has a capacity of 30 uX) Was used lo collect 3-5 mg 
samples. The recovered composite cathode was Infiltrated with 
about OS mg of electrolyte, The measurements were canied out in a 
DSC 200 differential scajtning calorimeter (NETZSR Germany) us- 
ing a temperature scan rate of I d C min" 1 . the weight of each 
sample (pan + sample) was measured before and after the experi- 
ment to Verily that the sysiem was hermetically sealed. The weight 
was constant in all cases, indicating lhat there were no leaks during 
die experiments. 

Results and Discussion 

WDanjiyjiJo/LitNi l «Co l/3 Mn Jf JO^ l F l .--Figure 1 shows 
XRD patterns of LitNi^Co^Mnbjlbi-jFj WlUl 4=0, 005, 0.1. 
0.15, 0.2. and 0.5. The XRD patterns could be indexed by a 
hexagonal a«NaFeOj structure (space group Rim). The 
U[Ni, n Co,„Mn ] ,JOi- l F £ shows clear split* in the (006)/(lO2) and 
(0l3)/(l 10) peaks until t ~ 0.2. which indicates the formation of a 
w«]]-devdoped layered structure. Meanwhile, those peaks were 
merged into one and were hand lo distinguish for z * 0.5 in Fig, If. 
Also, with increasing fluorine content, a small impurity peak was 
observed at around 31* in 20 in Fig. Ie and 1*. The XRD patterns 
clearly indicate lhat incorporation of F did not alter the crystal struc- 
ture of LifNij/jCo^jMrti/JO^ nor produce any secondary phases Jn 
the range of z = 0 - 0-15- By the combination of atomic absorption 
and ion chromatography (IC) analyses for fluorine, <he defected F 
amOunls were 0,05, 0.0$, and 0.14 for i * 0.05, 0.1, and 0.15, re- 
spectively. 





PIcumj 3. SEM Images of 
tifN;, A Co li3 Mn m ]O^F t : (a) 
(b) z^0.05. (e) s = 0.1, and (dj t 
• 0,15. 
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Figure 4. (a) F I* speeua of L^Ni^Co, ^K-fn^jD, ^ w before and afttr 
sputtering with argon ion Tor 30 rain. (b> O It spectra of 
i-iCNi^Coj^MnyjjOi^jFojQj before and aficr sputtering crfih argon ion for 
30 min. 



Lattice parameters of the Li{Ni|^Co l ^Mn]/}]0 2 _ ( F 4 (r = 0, 
0.05, 0.1. 0.13, and 0.2) were calculated from the XftD data by a 
lean squares method. Figure 2 shows the variation of the lattice 
parameters with Increasing fluorine content, ?. Substitution of fluo- 
rine resulted in the Increase of Oie lattice constants In the <J Mis. 
During deiirhiaaon, Uio c axis w« found lo gradually Increase, go 
through a maximum at t « 0.1. and then decrease with Increasing 
the fluorine content. The increase in (he a axis could be due Co the 
partial reduction of transition metal Ions for the charge compensa- 
tion of P anion. Because the a parameter is a measure of ihe average 
M-M (M = Li. Ni, Co, and Mn) distance in the basal plane of the 
hexagonal structure, the increase f o d axis with increasing fluorine 
contani could be attributed to larger Mn* (0.645 A) than Mn 4 * 
(0.53 k) or larger Co 2 * (0.65 A) than Cc> (0.545 A). 21 The in- 
crease In the c axis also reflects an increase of the ionic radii of 
partially reduced Transition metal ions, which overrode the effect of 
the slightly smaller V (1.33 A) than O 3- (1.40 A). 21 Increasing 
fluorine contents of mare than 0.1, however, resulted In Hie decrease 
of c axis due to tho small ionic radios of P onion. XRD results 
clearly confirm thai fluorine Ions are successfully substituted for 
oxygen ions in Li[Ni t /3Co l/3 Mn, 0 j0 3 acftictur e. 

Morphology c/Li[NimCoj n Mn, / J0 2 - t F £ . — Figure 3 shows 
Ihe SEM Images of the LlfNi, ; )Co UJ Mn UJ p 2 . t F t 6 = 0, 0.05, 0.I t 
and D.|5) powders. All powders consist of sphere-shaped particles 




40 60 120 1G0 
Opacity t mAh g' 1 

Figure 5. Initial chvge and discharge cvrvej of 
Lia^NitrjCo^NftipoJOj-eF! U<0-0,t5) cells *t a cVnenl density of 
28 mA g"» 10.2 C rate) at 30 9 C 



with average diameter of - 10 urn. Each sphere-shaped particle also 
consists of agglomerates of smaller primary particles. 
l.i[Ni, / 3Co, / jMji IfJ ]0 3 has the primary particles with average diam- 
eter of — 1 >im having round edges in Fig, 3a. When fluorine Con- 
tent increased, primary pan idea grew up and their shapes gradually 
changed from round-edged to well-developed polygonal forms. In 
fact, all the primary particles In Li[ Ni^Coi/jMn^Oo fijFaw have 
well developed facets in Fig. 3d. It is notable that similar nrnxpha- 
logical variation is prominent in anion-doped spinels. 22 When fluo- 
rine or sulfur was substituted for O in LiMnjOj, the primary par- 
deles changed to well-developed octahedron; with tho growth in the 
panicle size. Morphological changes depending on the fluorine con- 
tent suggest that fluorine substitution not only effects the butt struc- 
tures but alters the surface energy of the resulting powders, which 
accordingly leads to the changes in growth kinetics and final mor- 
phology of the powders. 

Xf>$ analysis o/UCNijoCoyjMn^JO^F^— In order to study 
the distribution of fluorine within a panicle. X-ray pholoelcclron 
spectroscopy analysis of ^[NiirtCoj^MnifliOi^FkQj was 

earned out. F Is and O I* apecora were obtained from tit* sample 
before and after sputter-etching the panicle surface and are shown tn 
Fig. 4. The binding energy for P Is measured from Fig. 4a was 
68i.9 eV, which closely matches those of metal fluorides. In LiF, 
MnFi, and NiF 2 , the binding energy for F Is lies between 648,5 and 
683.9 cV;* >2J hence, the fluorine In the compound exists as F" 1 . 
When the surface of the powder was sputler'etched using an Ar ion 
bean) for 30 mm aL an approximate rate of I A/mln, the intensity of 
the F is peak was nearly halved after etching away the surface, 
which suggests that the majority of the F Ions reside near the surface 
of the particle. When the O Is peaks were examined before and after 
sputter-etching the surface* the O Is intensity did not decrease as 
seen in Fig. 4b, in contnst io the F Is peaks. Although the relative 
intensity of the O is peak remained unchanged, there was a notice- 
able change in Ihe peak shape before and after etching. Prior to 
sputtering, the O is spectrum contained a distinct shoulder near 
532 eV. After the top surface was etched away, however, the rising 
of in tensity near 53 1 eV made it hard lo distinguish the shoulder. 
The binding energy °f O )« for most of the Co, Ni, and Mn oxides 
falls between 529 and 5£i eV, in agreement with the main peak of 
O Is spectra In Fig. 4b, 2 " 7 Although the analogous binding energies 
of Co, Ni, and Mn oxides hinder calculation of their separated val- 
ues, the increased intensity of the shoulder peak in Fig. 4b may 
indicate a change in the oxidation state of o-ansldon metafs in re* 
tponse to ihe increased concentration of fluorine near (he surface. 
Although detailed investigation is needed io substantiate this, XRD 
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Figure 6. Variation of lattice par am- 
elcra of UtNiinCb^Mn,^^.^ ft 
O and O.U electrodes during 
delithiTUion: (*) c wis and (b) a axis. 



xJuLIJNi^MnJOJ? 



and XPS analysis clearly demonstrated thai fluorine resides in the 
bulk as well as near Ihc surface of (he particle, accompanied by 
possible* changes in the oxidation stare of tho transition metal 
components. 

Biectrveketnicat behavior o/U[Ni, /3 Co 1 i 3 rVmii 3 ]0 2 _. t F i . — Fig- 
ure s shows the initial voltage vs capacity proliles of 
U/LiCNij/jCo^MnujJOi^F, cells \x = 0 - 0-1). At the first cycle, 
the cells were slowly charged and discharged between 2.8 and 4.6 V 
with a current density Of 28 mA g~ l (0.2 C rate) at 30'C The initial 
discharge capacity of the U/LiNi^Co^Mi^JO^^ ceils de- 
creased as the fluorine content increased; their values were 
182 mAh g~ l U = 0). 170 raAh g M (z = 0.05). and 1 65 rnAft g" 1 
(s = 0,1), respectively. It is likely that a stronger Lt-P bond 
(577 W mol -1 ) than Ll-0 (341 kJ mor 1 ) would hinder intercala- 
tion of l-T* tons, which ill cum lowers discharge capacities. 21 

On charging, variation of lattice parameters was observed in the 
range of 2.8-4.6 V for the Uj-jNl^Co^^/jlOj Jf 4 (z » 0 and 
0, ]) electrodes Jn Fig. 6. In layered cathode materials, the c axis first 
elongates during Li* extraction doe 10 ihe generation of coulombic 
repulsions between the MQj CM fa transition metals) layers as the 
lithium ions which screen the oxygen-oxygen repulsions are re- 
. moved- In Fig. 6a, both electrodes showed increase in c axis *l first, 
which maximized atx *° 0.5 and then decreased again- Interring!}', 
(he fluorine-doped sample showed less elongation in the t axis than 
did the fluorine-free sample at x = 0.5. From this result, it can be 
speculated that electrostatic repulsion between oxide ions is partially 
offset by strong Li-P bonding during Lr extraction. Both samples 
exhibited similar values of 0 parameters on charging. 

Figure 7 shows the differential capacity {dQ/dV) vs voltage pro- 
files of Li/LitNi^Oo^jlvfn^lO^fg (* = 0, O.05, and a I) colls 
during; 50 cycles. The cells were cycled between 2.5 and 4.6 V with 
a current density of 28 mA At the tint Cycle, the 
ti/XitNij/aCbyjMriujpx cell exhibited redox peaks al around 
3.75 V on charging and 3.74 V on discharging. As the cycling pro- 
ceeded, however, the redox peaks became more polarized and then 
shifted to 3.8 end 3.67 V at the 5Cth cycle. In addition, decrease of 
inlUal discharge voltage (indicated with arrow) suggests the increase 
of Internal resistance (IA) during cycling .Together with the increas- 
ing polaritaikm beiween redox peaks, the voltage drop due to 1R, 
implies increasing cell resistance during cycling in the 
UfLifNiioCcnoMnirtJOi cell. This redox voltage variation, how- 
ever, reduced for t » 0,05 and was finally negligible for z «= 0.1. 
Identical dQfdV curves of the fluoririe^ubsurured sample shows its 
stable redox reaction during cycling compared to the undopedone. 



Figure 8 shows the variation of discharge capacities of the 
ti7Lr[Nii / jCoinMniop2-i F i (? = °- D '!) during cycling in 
the range of 2.8-4.6 V. Although the LS/UtNl^Co^Mn^O^ 
sample* had ihe high&n discharge capacity m first, ihcy showed 
abrupt decjpeafe In capacity during cycling and exhibited 87% of 
capacity retention at the 50ih cycle. The poor capacity retention of 
LirtJ[Ni), 3 Co irjMnua K>2 is primarily due lo it* high voltage cuiofr 
because it exhibited good capacity retention with the Capacity of 
155 mAh g~' in the range of 2.8-4.3 V. Meanwhile, though 
fluorine-substituted samples had lower initial capacities;, they 
showed far better capacity retentions during 50 cycles in the same 
voltage range, 96% for z t= 0.05 and 97% for z*= 0.1 at the 
50th cycle, respectively. 

In order to observe long-term cycling properties, a carbon elec- 
trode was employed as the negative electrode. Figure 9 exhibits 
discharge capacity vs. cycle number for C/UfNi^Co^jMn itiKh. 
and C/LilNi^Co^Mn^JOj^Fg^ Cells by applying I C 
(HOmAg- v ) between 2.8 and 4.5 V. The 
C/L)[NiM)CotaMnja]Oi delivered somewhat higher capacity in the 
early stage of cycling compared 10 C/UtNii/jCo^jMnioPi.MPoJis- 
However. the higher capacity faded gradually as the cycling contin- 
ued- The capacity retention was about 75% at the lOOih cycle. On 
the contrary, though CfXltNlwCoi/gMniAlOi.wFo^ exhibited 
slightly smaller capacity, tho capacity was greatly rBcained and ca- 
pacity retention was about 94% of its initial discharge capacity al the 
100th cycle in Fig. 9. 

Although more experimental Works are required for Clear expla- 
nation about the poor electrochemical properties of 
U[Ni|ftCo) O Mn|0]O 2 at high-voltage cutoff in derail, previous, 
works reported the possible Co dissolution during cycling. AmanrccJ 
cl al. reported that the amount Of Co dissolution became slgnillcani 
in UCoOj when voltage cutoff was higher than 47 V. Furthermore, 
fluorine coaxing effectively reduced the dissolution of panicles into 
electrolyte by passivation of panicles. 19 From die viewpoint of Co 
dissolution, we could explain why the capacity of 
LiCNJtoCoioMoi/JO! was deteriorated when the voltage cutoff was 
higher than 4.4 V, especially at 4.6 V. Hence, U is likely that the 
fluorine coating on Ihe surface of U[Nlj,jCoi*Mni,3]0 2 _ ? F t pro- 
tects the active material from HF attack into electrolyte end makes it 
possible to endure high voltage cutoff. 

Rate capability testing also demonstrated the advantages of fluo- 
rine substitution. Figure lO shows voltage profiles of 
U/LilNiirtCoiaMniflJOj.^ cells at various C-rales in the range of 
0 2-5. AS observed in Fig. I0a p (he discharge capacity of undoped 
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Li^LifNi^Coi/jMni/jJOj dropped dramatically with increasing 
C-ristc Moreover, Li/LifNii/^COi^Mn^pj had a large IR and in 
turn showed low operating voltages al high C-rate*. However, & 
small amount of fluorine svbsLkutfon gave riae to a noticeable im- 
provement In discharge capacity as well as IR drop a | (he high 
C-ratc$ in Fig. 10b and c. Together wi(h the effect of fluorine on the 
Co di&sohition. the small variation of c axis In Fig. 6*. could explain 
ihe superior rale capability of the fluorine* doped sample, 
because small C axis variation during cycling is advantageous to 
maintain structural stability, especially at high rates. 
U/LiENr^Co^jMnHjKJj^Fai exhibited ihe best rate capability in 
Fig. 10c. showing 76% capacity retention at 5 C rare compared to its 
capacity at 0.2 C. 




L0 20 30 40 
Number of cycles 

Flgnrt 8. Cycling performance of U/UfNI^Co^Mn, JQ^P, U 
^O~0.t) cells during 50 cycle* a\ ncDcreritdansicy of 28 rr»A g"' (0-1 Crate) 
4t 30'C. 



Volumetric capacity o/ LitNi^Coi^jM n^)0^,F c . — flor pracii- 
cal applications. PD of positive materia] is an important point wilh 
regard to volumetric capacity. Cathode material with high PD could 
provide high volumetric capacity wilhin a limited inner Spate Of 
practical battery. As tht fluorine content incrcased v tap density also 
increased from 2.9 g cm" 1 h « 0) lo 3.21 g cm" 5 U m 0.05 and 0.1) 
because of growing primary panicles in Fig. 3, 

Specific gravimetric and volumetric capacities Of (tie 
Li[Ni I/3 Co w Mn| 0 )02-,P 4 U=0, 0.05. and 0,1) powders were 
compared in pig- U. Each capacity was measured at a 0,2 C rate. 
Although fluorine-doped samples had low gravimetric capacities, 
they exhibited high volumetric capacities compared to 
Li[Wi^Co w Mn^]0; because of their high PD, Among Ihem, 
Li[NiioCo UJ Mn,,jOi.9jP c> ( rt exhibited Che highest voJurnetric ca- 
pacity of 547 mAh cm*" 5 , while LlCNl^COj/jMny^jOj $howed 
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Figure 9* Dacha/Be c«p4cicy vx cycle number of C/U[Ni t0 Co ro Mji tf JO, 
and C/LtfNiirtCOi/jMnt/ilOi.^Ftft, cells during 100 cycles by applying- i 
curtain density of I C f 1*0 rtiA k") at SO'C. 
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Figure 10. Ratccapablllly of U/U[Nl Itt Co i/1 Mn, 0 ]0,. 1 F r U » O-O. J> cells 
»l 30°C; (i) * = 0, (b) * = 0.05. and tc) i = 0. |. 



531 oi Ah cm" 3 . This result confirm* that slightly low gravimetric 
capacities of fluorine-doped similes could be offset by (heir high 
volumetric capacities. 

Thermal twbliUy 0/U'[Ni L oCo,, 1 Mn lo ]Oj. l P E . — Thermal sta- 
bility of positive materials, especially at delUhkted State, is an im- 
portant factor in judging the suitability for practical application of 
lithium secondary batteries. Figure 12 shews DSC profiles of wet 
electrodes of Lli-jNiyiCo^jMnj^jO^F^ which were charged to 
4.<> V. TTiet>SC experiments were made in welded scaled stainless 
slcej tubes so (hut no leaking of pressurised electrolyte was possible. 
As the concentration of fluorine in Lii^Ni^Co^Mh^Pj^Ft In- 
creased, the thermal stability of toe charged cathode material ui the 
electrolyte was greatly improved. The Lij^Nii/jCo^Mnj/jJOj had 
a large exotftermic peak between 234 and 2fii°C which pf educed 
4227 ) i~ x of heat. When fluorine content increased, 
Lfi-^NiiflCOi/jMn^Oj.J^ showed higher onset temperature of 
exothermic peak and lower heat aroouni; 280"C with 1733 J g~ l for 
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t1g.ure II. Companion of gravimetric and volume trie discharge capacities 
or Li/Lf W^Co^MnjrtJO.^K \z » 0-0.1) cell* « a c VI scm deasiry of 
28 mA g- 1 (0.2 C rale) ai 30*C. 
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figure 12. Comparison of DSC traces of Li N ^Ni w Co w Mn w jOi^F 4 
= 0-0.0 at 4£ V. 



2 = 0.05 and 3Q8*C with 839 J g~ l for ( 0.1, respectively, im- 
proved thermal stability of fluortae*doped samples shows tte struc- 
tural stability of U^jNi^COiflMoialC^F, at highly charged 
state of V. 

Conclusion 

In this paper we report the structure, morphology, electrochemi- 
cal propcrtic?, and thermal stability of U^iiriCoj/jMnujlOi^Ft- 
Variation of lattice parameters according to fluorine conieni, sug- 
gests Chat fluorine is partly substituted in bulk structure . XTS analy- 
sis alio ShO*S that The majority of die fluorine ions reside near the 
surface, of the particle . These results suggest dm fluorine Ions are * 
both irt bulk and on the surface of LilNiroCojjgMp^jQj ^Fi- Fluo- 
rine substitution catalyzes the growth of the "primary particles as 
Confirmed by SEM, which in turn results in high tap density as wet) 
8s high volumetric capacity compared to U[NiiaC0rjjMnio]O 2 - 

Although capacity fading was observed for 
LifNIi/jCoi/jMn^Oj at high voltage cutoff of d.d V. 
LifNl ll jCo l#3 Mn |/J ]0 J ^ I F l shows good capacity retention. In addi- 
tion. WNritfCo^Mn^lOj.^ exhibits superior rate capability 
compared to an JF-free sample, probably due to the smaller c axis 
variation and fluorine coating affects. DSC measurement at 4.6 V 
clearly shows thai fluorine substitution merXcdly improves the ther- 
mal stability of LitNli/jCOioMnwlO^Ft. 
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